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ABSTRACT
While brown dwarfs show similarities with stars in their early life, their spin evo-
lution is much more akin to that of planets. We have used lightcurves from the K2
mission to measure new rotation periods for 18 young brown dwarfs in the Taurus
star-forming region. Our sample spans masses from 0.02 to 0.08M and has been
characterised extensively in the past. To search for periods, we utilize three different
methods (autocorrelation, periodogram, Gaussian Processes). The median period for
brown dwarfs with disks is twice as long as for those without (3.1 vs. 1.6 d), a sig-
nature of rotational braking by the disk, albeit with small numbers. With an overall
median period of 1.9 d, brown dwarfs in Taurus rotate slower than their counterparts
in somewhat older (3-10 Myr) star-forming regions, consistent with spin-up of the
latter due to contraction and angular momentum conservation, a clear sign that disk
braking overall is inefficient and/or temporary in this mass domain. We confirm the
presence of a linear increase of the typical rotation period as a function of mass in the
sub-stellar regime. The rotational velocities, when calculated forward to the age of
the solar system assuming angular momentum conservation, fit the known spin-mass
relation for solar system planets and extra-solar planetary-mass objects. This spin-
mass trend holds over six orders of magnitude in mass, including objects from several
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different formation paths. Our result implies that brown dwarfs by and large retain
their primordial angular momentum through the first few Myr of their evolution.
Keywords: brown dwarfs — planetary systems — stars: formation, ro-
tation — accretion, accretion disks
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1. INTRODUCTION
At birth, stars and planets are imparted an initial mass and an initial angular
momentum. The mass fundamentally determines the fate of the objects – it sets the
lifetime, radiation output, evolutionary path, and interior structure. The role of the
initial angular momentum on the other hand is less obvious. Low-mass stars do not
conserve angular momentum. In the first few million years of their evolution stars
like the Sun shed orders of magnitude of angular momentum through interaction
with circumstellar disks and magnetic winds. Once on the main sequence, stars with
spectral types F to K converge to a tight spin-mass relation where rotation period
increases with stellar mass, a relation set by the physics of the wind (Herbst et al.
2007; Bouvier et al. 2014). At this point the initial rotational conditions have been
erased.
Planets, on the other hand, are expected to retain their primordial angular momen-
tum, as long as they are not affected significantly by tidal interaction with their host
star or with moons. All planets in the solar system which fulfill this condition (the
gas giants plus Mars) show a clear power-law relation between angular momentum
and mass, which can also be observed between rotational velocity and mass (Snellen
et al. 2014). This trend has been discussed for several decades in the solar system
literature. As a possible explanation, Hughes (2003) suggest that planets accrete ma-
terial from the disk until their equatorial velocity reaches a set fraction of the escape
velocity, at which point accretion stops. The planetary spin-mass trend is usually
thought to arise in the formation process and not in further evolution (e.g. Dones &
Tremaine 1993; Raymond et al. 2014).
It has long been known that brown dwarfs in their rotational history are more
comparable to giant planets than to solar-mass stars (Scholz 2009). Substellar objects
do spin down as they age, but the rotational braking due to winds is very weak
compared to stars (factor of 10000, Bouvier et al. (2014)). The braking due to the
disks is also less efficient than in stars (Lamm et al. 2005; Scholz et al. 2015). As a
result, brown dwarfs (and, in fact, some very low mass stars, Newton et al. (2016))
retain fast rotation rates of< 1 d for gigayears. Their angular momentum, particularly
at young ages, may therefore give us insights into the formation process.
Previously we have published rotation periods for sub-stellar objects in Upper Scor-
pius, a region with a median age of ∼ 10 Myr (Pecaut et al. 2012), using lightcurves
from the Kepler/K2 mission (Scholz et al. 2015). Here we extend that work and
present rotation periods for a sample of young brown dwarfs in the molecular clouds
of Taurus, a significantly younger population with expected ages of ∼ 1 Myr (Kraus
& Hillenbrand 2009; Scholz et al. 2012). Our targets are all well characterised with
spectroscopy, infrared photometry, and high-resolution imaging (Sect. 2), giving us
an opportunity to look for links between substellar properties and rotation. We use
several independent approaches to measure rotation periods (Sect. 3). We investi-
gate the link between rotation and the presence of disks and find evidence for disk
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braking (Sect. 4). The spins of brown dwarfs, once calculated forward to their final
radii, falls onto the planetary veq ∝
√
M relation, in clear contrast to stars, indicating
that spin rates of young brown dwarfs are predominantly set by the initial conditions
(Sect. 5). The fact that this relation is robust over five order of magnitudes in mass
highlights the fundamental importance of accretion across a wide range of formation
environments.
2. THE SAMPLE
The Kepler/K2 mission (Howell et al. 2014) observed the Taurus star forming region
in campaign 13, from March 8 2017 to May 27 2017, i.e. over about 80 days. Included
in the K2 target list for this campaign was a sample of 44 young very low mass sources,
as part of program GO13011 (PI: A. Scholz). As the focus of this paper is on the
rotation of brown dwarfs, we limit our analysis to the objects with an estimated mass
in the substellar domain. To select this subsample, we obtained the near-infrared
photometry from 2MASS (Cutri et al. 2003) and spectral types from Luhman et al.
(2010) and Rebull et al. (2010). We de-redden the J-band magnitudes, using Av =
((J −K)− (J −K)phot)/0.1844 with (J −K)phot = 1.0, and Aλ = (λ/1.235µm)−1.61
(see Scholz et al. (2012) for a justification of these parameters). The de-reddened
J-band magnitudes were converted to absolute magnitudes MJ assuming a distance
of 140 pc (Torres et al. 2009).
To select brown dwarfs, we require MJ > 6.0 or spectral type Mx with x >= 6.0.
According to theoretical isochrones (Baraffe et al. 2015), these criteria imply masses
below or around the substellar threshold. We find 25 objects satisfying these criteria
– this constitutes the primary sample for this paper. Their properties are listed
in Table 1 for reference, including Hα equivalent widths (from the literature) and
effective temperatures, calculated from the spectral type. For the latter conversion,
we used the relation from Muzˇic´ et al. (2014), which was derived using M dwarfs in
Lupus, a region with an age similar to Taurus. As shown in Muzˇic´ et al. (2014), this
relation is generally consistent with similar conversions in the literature, and suggests
a typical error of ±100 K in Teff .
In Fig. 1 we show the Hertzsprung-Russell Diagram for the sample, in comparison
with theoretical isochrones for ages of 1 and 5 Myr (Baraffe et al. 2015). Most objects
fall in the area close to these two lines. Noteworthy is a datapoint far below the
5 Myr isochrone; this is EPIC247591534 (a disk-bearing, accreting Taurus member)
which appears to be too hot for its brightness or too faint for its temperature. This
could be a low-mass star seen through an edge-on circumstellar disk. As far as we
are aware, none of the objects in this list is known to have a companion, although
the majority of them have been observed with high spatial resolution < 0.1” (Kraus
& Hillenbrand 2012; Todorov et al. 2014).
3. K2 LIGHTCURVES
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Figure 1. Hertzsprung-Russell Diagram for the sample of young brown dwarfs in Taurus.
Overplotted with red lines are the 1 (dashed) and 5 Myr (dash-dotted) isochrones from
Baraffe et al. (2015). Approximate mass limits, calculated from MJ , are indicated.
The basis for the lightcurve analysis were the PDCSAP and K2SFF lightcurves,
both downloaded from MAST. The former are the result of the ’Pre-search Data
Conditioning’ module applied to ’Simple Aperture Photometry’, both part of the
Kepler pipeline (Twicken et al. 2010; Jenkins et al. 2010). The K2SFF lightcurves
are a high-level product tailored for K2, based on the algorithm by Vanderburg &
Johnson (2014), which corrects for the pointing-dependent nature of the fluxes from
K2 and achieves higher photometric precision than the original lightcurves. For our
purposes, the two sets of lightcurves yield comparable results.
A cursory visual examination of the Taurus K2 properties shows a wide range of
variability. About half of our sample has an obvious period over most of the lightcurve
which can be estimated by eye, in the range of 0.7-4.4 d. Others exhibit periodic sig-
nals in parts of the lightcurve and aperiodic variability in others. Signatures of flares
or bursts (i.e. a rapid increase followed by a more gradual decline) are seen as well in
some cases. A small subset shows unremarkable lightcurves without coherent struc-
ture. In this paper we are primarily interested in extracting periodic signals caused by
spots on the surface, which should have an approximately sinusoidal modulation and
give us the rotation periods of the brown dwarfs. To account for the complexity of
the lightcurves, we search for periods using several independent techniques and check
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Table 1. Basic properties of our primary sample.
EPIC RA Dec Name SpT1 Teff MJ Hα EW
J2000 J2000 K mag A˚
247548866 04 35 41.83 +22 34 11.5 KPNO-Tau 8 M5.75 3131 7.28 153
247575958 04 33 09.45 +22 46 48.7 CFHT-BD-Tau 12 M6 3088 6.40 79.657
247581233 04 35 51.43 +22 49 11.9 KPNO-Tau 9 M8.5 2658 9.26 0.73
247591534 04 35 57.61 +22 53 57.4 M52 3260 8.52 21.587
247600777 04 36 38.93 +22 58 11.9 CFHT-BD-Tau 3 M7.75 2787 7.40 433
247604448 04 36 10.38 +22 59 56.0 CFHT-BD-Tau 2 M7.5 2830 7.04 7.23
247630187 04 35 08.50 +23 11 39.8 CFHT-BD-Tau 11 M6 3088 6.90 45.077
247735103 04 27 45.38 +23 57 24.3 CFHT-BD-Tau 15 M8.25 2701 8.79 18.97
247739445 04 30 23.65 +23 59 12.9 CFHT-BD-Tau 16 M8.25 2701 8.79 16.767
247748412 04 32 23.29 +24 03 01.3 M7.75 2787 6.59
247791556 04 33 01.97 +24 21 00.0 MHO 8 M6 3088 4.90 18/144
247794491 04 32 50.26 +24 22 11.5 CFHT-BD-Tau 5 M7.5 2830 5.42 29.847
247915927 04 44 27.13 +25 12 16.4 M7.25 2873 5.74 1005
247950452 04 33 42.91 +25 26 47.0 M8.75 2615 8.39
247953586 04 32 03.29 +25 28 07.8 M6.25 3045 5.99
247968420 04 41 48.25 +25 34 30.5 M7.75 2787 7.15 5865
247991214 04 39 03.96 +25 44 26.4 CFHT-BD-Tau 6 M7.25 2873 6.45 63.747
248015397 04 41 10.78 +25 55 11.6 CFHT-BD-Tau 8 M5.5 3174 6.21 527
248018652 04 30 57.18 +25 56 39.4 KPNO-Tau 7 M8.25 2701 8.37 1223
248023915 04 38 00.84 +25 58 57.2 ITG 2 M7.25 2873 5.07
248029954 04 39 47.48 +26 01 40.7 CFHT-BD-Tau 4 M7 2916 5.04 793
248044306 04 30 07.24 +26 08 20.7 KPNO-Tau 6 M8.5 2658 8.76 77.53
248051303 04 38 14.86 +26 11 39.9 M7.25 2873 7.44 476
248053986 04 33 52.45 +26 12 54.8 M8.5 2658 8.71
248060724 04 33 07.80 +26 16 06.6 KPNO-Tau 14 M6 3088 5.11 22.13
1Luhman et al. (2010), 2Rebull et al. (2010) , 3Mohanty et al. (2005), 4Muzerolle et al.
(2003), 5Herczeg & Hillenbrand (2008), 6Muzerolle et al. (2005), 7Guieu et al. (2006)
the outcome carefully by visual inspection. The results of the various approaches are
summarised in Table 2.
3.1. Autocorrelation function
The autocorrelation function (ACF) records the similarity of a lightcurve with itself
shifted by a timelag δ. As such, it is expected to peak at δ = 0 and should show
subsidiary peaks at δ = N × P if a periodic signal is present in the lightcurve. The
ACF has been extensively used for measurements of rotation periods (McQuillan,
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Table 2. Results of the period search. Together with the periods from the three algo-
rithms, we list as N the number of lightcurve segments where the same period was found
by ACF and as ∆P their standard deviation. The last column contains the adopted period.
EPIC PACF N ∆P PGLS PGP Pfin
(d) (d) (d) (d) (d)
247548866 0.69 7 0.03 0.69 0.69± 0.00 0.69
247575958 3.87 2 0.01 3.49 3.51± 0.18 3.51
247591534 1.16 3 0.02 – – 1.16
247600777 0.97 6 0.03 0.96 0.96± 0.01 0.96
247604448 2.82 4 0.07 2.93 2.91± 0.11 2.91
247630187 1.45 7 0.04 1.50 1.50± 0.01 1.50
247739445 1.54 4 0.05 1.61 1.61± 0.06 1.61
247748412 3.29 4 0.05 3.37 3.37± 0.02 3.37
247791556 1.09 6 0.03 1.03 1.03± 0.01 1.03
247915927 4.43 5 0.02 4.43 4.48± 0.06 4.48
247950452 0.71 5 0.08 0.73 0.73± 0.01 0.73
247953586 2.39 6 0.04 2.38 2.39± 0.01 2.39
247968420 2.87 5 0.06 2.92 2.99±0.62.4 2.9
247991214 3.19 4 0.04 – 3.33±0.20.4 3.3
248018652 – – 1.18± 0.16 1.18
248023915 2.01 6 0.01 0.66 2.01±2.01.3 2.0a
248029954 – – 2.93±0.92.4 2.9
248060724 1.85 5 0.03 1.86 1.86± 0.01 1.86
a uncertainties in the GP unrealistically large due to convergence issues in the MCMC
Aigrain, & Mazeh 2013; McQuillan, Mazeh, & Aigrain 2014) and starspot lifetimes
(Giles et al. 2017) in Kepler data.
We computed the ACF for the entire K2SFF lightcurve and, to corroborate the
result, in segments of 1/7 of the full lightcurve. This analysis was coded in Python
using routines from astropy (Astropy Collaboration et al. 2013), numpy (Van Der
Walt et al. 2011) and scipy (Jones et al. 2001). We accepted a period if it was
recorded consistently (within 0.1 d) in at least 2 of our 7 segments – the number of
segments with the same period is then a quality criterion and listed in Table 2. A
least-square sine fit using the ACF period on the segments was used to confirm the
ACF period. The segments in which the period was clearly present were examined by
eye, only those with visible periodicity are reported in Table 2. Typical uncertainties,
calculated as the standard deviation over the periods derived in individual segments,
are between 0.01 and 0.08 d. This methodology is analogous to the analysis used by
Scholz et al. (2015) for brown dwarfs in Upper Scorpius.
3.2. Lomb Scargle periodogram
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The generalised Lomb-Scargle (GLS) algorithm (Scargle 1982; Horne & Baliunas
1986; Zechmeister & Ku¨rster 2009) is a variation of the Discrete Fourier Transform,
where a time series is decomposed into a linear combination of sinusoidal functions.
We computed the GLS periodograms for the PDCSAP lightcurves using the imple-
mentation that is part of the Python module PyAstronomy.1 The highest maxi-
mum in the periodogram was selected as the most likely period. The lightcurves were
plotted in phase to this period and those with clearly visible periodicity are reported
in Table 2. The visual examination mostly removed periods longer than 15 d which
turn out to be spurious.
3.3. Gaussian Process
We also inferred rotation periods with a Gaussian Process (GP) using a methodology
similar to the one presented in Angus et al. (2018). This approach is slower than the
ACF and the Lomb-Scargle methods, but like the ACF it allows for non-sinusoidal,
evolving variability patterns, and in addition it enables us to evaluate the posterior
distribution over the period, and thus to obtain meaningful error estimates.
We first pre-processed the PDCSAP light curves using K2SC (Aigrain, Parviainen,
& Pope 2016, https://github.com/OxES/k2sc) to remove pointing-related system-
atics while preserving astrophysical variability, then normalised each light curve by
dividing it by its median. We then analysed the systematics-corrected light curves us-
ing a quasi periodic GP model, fitting for the period alongside the other parameters of
the model. GP regression, its application to stellar light curves, and its performance
for measuring stellar rotation periods in Kepler/K2 data, are discussed extensively
in Angus et al. (2018) and references therein, so we give only a brief description of
the procedure here. Each normalised light curve is modelled as a GP with a mean of
unity and a quasi-periodic covariance function:
k(t,′ t) = A exp
[
−Γ sin2
(
pi|t− t′|
P
)
−
(
(t− t′)2
2λ2
)]
, (1)
where k(t, t′) is the covariance between flux measurements taken at times t and t′,
and the GP hyper parameters A, Γ, P and λ are the variance, periodic correlation
scale, period and evolutionary time-scale of the quasi-periodic behaviour, respectively.
The likelihood of the data under the GP model is then simply:
P(y|t, A,Γ, P, λ, σ) = N (y|1|K), (2)
where y and t are the flux measurements and corresponding times, and the elements
of the covariance matrix K are given by Kij = k(ti, tj) + σ
2δij, where σ
2 is the white
noise variance, and δij is 1 if i = j and 0 otherwise. N (x|a, B) is the probability of x
under a multi-variate Gaussian distribution with mean vector a and covariance matrix
1 https://github.com/sczesla/PyAstronomy
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B. Computing the likelihood requires inverting the covariance matrix and evaluating
its determinant, which can be prohibitively expensive for large datasets such as the K2
light curves. We therefore used the george package, which implements the HODLR
factorisation (Ambikasaran et al. 2015) to speed up this process considerably.
Initially, we set P to the value corresponding to the peak of the Lomb-Scargle
periodogram (see Section 3.2) and the other parameters to generic but plausible ini-
tial guesses. We adopt a broad log-normal prior (standard deviation 0.5 dex) over
P , centred on the initial guess, and log-flat priors over the other parameters A, Γ,
λ and σ, which merely serve to restrict their values to physically plausible ranges.
We first maximise the posterior probability (likelihood times prior) with respect to
all the parameters simultaneously using the Nelder-Mead algorithm as implemented
in Python’s scipy.optimize.minimize function. We then use an affine invariant
Markov Chain Monte Carlo (MCMC) sampler, implemented in the emcee package
(Foreman-Mackey et al. 2013) to evaluate the multi-dimensional posterior distribu-
tion.
We visually checked the results of the GP fitting by plotting one- and two-
dimensional posterior distributions for all the parameters and by comparing samples
from the posterior GP distribution to the observations. We consider that we have a
reliable period detection when a) the MCMC posterior distributions for all parame-
ters, but most importantly the period, are unimodal, b) the best-fit parameters (those
that maximise the posterior) allow for genuinely periodic behaviour (in particular, the
evolution time scale λ is considerably longer than the period P ), and c) the light curve
is well described by the GP model (i.e. the posterior samples appear, subjectively,
to capture the variability in the light curve adequately). Based on these criteria, a
convincing period detection was achieved in 14 of the light curves in our sample, listed
in Table 2 and a more tentative detection for a further 8 light curves. Three of the
tentative detections (247991214, 248023915, 248029954) are also supported by other
period search methods, visual check, or vsini (see below) and are therefore included
in Table 2.
3.4. Adopted periods
As final sample we choose the periods where we have sufficient evidence to be
confident that a signal is present in the lightcurve. In all cases, the visual examination
supports the conclusion that the signal is caused by modulation by spots (i.e. is mostly
sinusoidal). For reference, the phased lightcurves for one segment (i.e. 1/7th of the
full lightcurve) for each of the 18 adopted periods are shown in Fig. 2 and 3. These
plots show the periodicity clearly in most cases. In a few cases, the period is less
obvious due to changes in amplitude, shape, and phase, plus additional variability.
The sample of adopted periods is summarised in Table 2. Typical uncertainties in
the adopted periods are < 0.1 d, with the exception of four cases with errors > 0.1 d
(and thus one less significant digit in the table).
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Table 3. Periods, projected rotational velocities from Mohanty et al. (2005), and inferred
projected radii.
EPIC period v sin i R sin i Rmod
(d) (kms−1) (R) (R)
247548866 0.69 45± 3 0.61± 0.04 0.5-1.4
247600777 0.97 12± 2 0.23± 0.04 0.4-0.6
247604448 2.91 8± 2 0.46± 0.12 0.5-0.6
247791556 1.03 16.7± 2 0.34± 0.04 1.2-1.3
248029954 2.93 11± 2 0.64± 0.12 0.9-1.2
For 12 objects, all three algorithms give consistent periods within the uncertainties.
For two more (248023915, 247991214) the periods from ACF and GP are consistent.
For 248023915, the lightcurve shows 2-3 maxima of different height which repeat
in a 2 d cycle. This could be a signature of a complex spot distribution; the most
likely rotation period is therefore 2 d. One more (247575958) gives consistent results
around 3.5 d from GLS and GP, and a slightly larger period of 3.87 d from ACF, only
detected in 2 segments. In other segments the 3.5 d period is more plausible. For
another object, 247591534, the ACF finds a convincing period of 1.16 d in multiple
segments, which we also adopt. For two objects, 248018652 and 248029954, only the
GP detects convincing periods, also supported by (secondary) peaks in the Lomb-
Scargle periodogram (and, in the second case, by v sin i, see below). This gives us a
total of 18 periods. When the GP provides a clear-cut period, we adopt this value,
if not we resort to the period from ACF. For the remaining 7 objects in our sample,
we do not report a period.
3.5. Comparison with rotational velocities
For a small subset of our sample projected rotational velocities v sin i are available in
the literature, measured from high-resolution spectroscopy by Mohanty et al. (2005),
which are a useful sanity check for our rotation periods. In Table 3 we compare the
derived periods with the rotational velocities and derive the implied projected radii
R sin i. For each of these objects, we also estimate the radius from the 1 Myr isochrone
by Baraffe et al. (2015), using Teff and MJ from Table 1. Empirically, 1 Myr old brown
dwarfs with masses between 0.03 and 0.06M are expected to have radii between 0.5
and 0.7R (Stassun et al. 2006). Compared to these numbers the projected radii in
Table 3 look plausible, considering that R sin i constitutes a lower limit to the radius
and that radii in this sample are expected to scatter due to the combined effects of
age spread and magnetic fields (Stassun et al. 2012).
4. ROTATION VS. DISKS
The star-disk interaction is thought to be the primary process by which low-mass
stars lose angular momentum in the first few Myrs of their existence. The details of
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Figure 2. K2SFF lightcurves for each of the 18 objects with robust period (part 1). In
each panel we show one segment (1/7th) of the full dataset. The EPIC number, segment,
and adopted period is indicated. The flux average has been subtracted, and the datapoints
are plotted in phase to the adopted period.
this mechanism are debated in the literature (Bouvier et al. 2014), but the observa-
tional evidence is unambiguous in several regions – stars with disks are predominantly
slow rotators, whereas those without show a wide range of rotation periods (e.g., Re-
bull et al. 2006; Jayawardhana et al. 2006; Cieza & Baliber 2007). Here we test if the
same trend can be observed among young brown dwarfs in Taurus.
4.1. Infrared excess
We obtained Spitzer/IRAC photometry from published catalogs by Luhman et al.
(2010) or, if not listed there, by Rebull et al. (2010), and combine them with the
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Figure 3. K2SFF lightcurves for each of the 18 objects with robust period (part 2). In
each panel we show one segment (1/7th) of the full dataset. The EPIC number, segment,
and adopted period is indicated. The flux average has been subtracted, and the datapoints
are plotted in phase to the adopted period.
2MASS photometry to create infrared spectral energy distributions. The magnitudes
were dereddened using the extinction estimated in Sect. 2, converted to flux densities
Fν , and scaled by the J-band flux to obtain the IR excess. In Fig. 4 we show the
logarithmic IR excess at the two long IRAC wavelengths, 5.8 and 8.0µm, plotted
against the rotation period. Objects without period measurement are plotted at
P = 0.0h. In terms of IR excess, the sample falls in two groups, as expected for such
a young population. Objects with IR excess below the dashed lines have a spectral
energy distribution that is consistent with a photosphere out to 8µm. Objects above
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Figure 4. Infrared excess at 5.8 (left) and 8.0µm, measured relative to the J-band flux,
vs. rotation period from K2 lightcurves. The dashed lines are the approximate delineation
between objects with and without disks. Objects without measured period are plotted at
P = 0.0 d with crosses.
that line show IR radiation exceeding the photospheric flux, an excess presumably
caused by warm dust, most likely from a disk. In our sample, the fraction of objects
with disks is 10 or 11 out of 25, depending on IRAC band, i.e. 40-44%, in line with
previous studies (e.g., Jayawardhana et al. 2003).
4.2. Effect of disks on rotation
In the presence of disk braking, we would expect objects with disks to be predom-
inantly slow rotators, while objects without should show a wide range of periods,
reflecting the varying time since the dissipation of the disk. The two plots seen in
Fig. 4 show indeed these trends. Brown dwarfs with disks have rotation periods
> 3 d, with one or two exceptions at shorter periods. Brown dwarfs without disks
have a broad range of periods up to 3.5 d. The median period for objects with disks
is 3.1 d, vs. 1.6 d for objects without disks.
To put this finding on firm ground, we applied simple statistical tests. First, we
carried out a two-tailed Kolmogorov-Smirnov to compare the sample of periods for
objects with and without disks (using 8µm excess as disk indicator). This yields a
small probability of 3.0% that the two samples are drawn from the same distribution.
We verified this outcome by randomly picking 6 periods from our total sample of 18
and by checking how often we find a subsample with a median of 3.0 d or larger, as
it is found in the subsample with disks. This test tells us how likely it is that the
six brown dwarfs with disks end up having on average longer periods, just by pure
chance. After 10000 iterations, that likelihood is 2.8± 0.2%. These tests support the
conclusion that brown dwarfs with disks are preferably slow rotators.
The literature is divided on the issue of disk braking in young brown dwarfs, with
all studies being affected by small samples. Scholz & Eislo¨ffel (2004) find evidence
for disk locking, but lacking sensitive mid-infrared data, they use the photomet-
ric amplitude as accretion (and thus disk) indicator, an imperfect solution. Based
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on spectroscopic rotational velocities and accretion indicators Mohanty, Jayaward-
hana, Basri (2005) report that accreting brown dwarfs and very low mass stars were
seen to be preferentially slow rotators compared to their non-accreting counterparts.
Rodr´ıguez-Ledesma et al. (2010) come to a similar conclusion, but they use near-
infrared photometry to detect the disks. For these cool objects, the near-infrared
magnitudes are dominated by the reddened photosphere, and objects with disks do
not separate sufficiently from those without.
Cody & Hillenbrand (2010) use for the first time mid-infrared data (as done in this
paper) – the most reliable way to probe for the presence of a disk. They see no
signature of disk braking for brown dwarfs and very low mass stars in the σOrionis
cluster which is slightly older than Taurus, with quoted ages of 3 Myr (e.g. Sherry et
al. 2008). Thus, the most robust studies using mid-infrared data indicate disk braking
at ∼ 1 Myr and no disk braking at 3 Myr. That implies the disk braking timescale
has to be shorter than about 3 Myr, in line with what we found in Scholz et al. (2015)
and significantly shorter than in stars.
For completeness, we also tested the relation between period and Hα EW, tracing
accretion. No obvious trend is visible, accretors (EW> 20A˚, Barrado y Navascue´s
& Mart´ın (2003)) and non-accretors have a wide range of periods. It is perhaps
noteworthy that 5 of 6 objects with long periods (> 2.5 d) are accretors, whereas at
shorter periods the ratio is 4 to 4. This may be confirmation of the weak link between
the presence of disks and slow rotation found using the IR excess.
4.3. Comments on rotational evolution
The sample of brown dwarf periods in Taurus gives us a new chance to examine the
rotational evolution at young ages for substellar objects. The median period in our
sample is 1.93 d, ranging from 0.7 to 4.5 d. This is very similar to the distribution of
the bulk of brown dwarf periods in the (much larger, N = 139) sample in the ONC
(Rodr´ıguez-Ledesma et al. (2009), see their Fig. 11). Given that the population in the
ONC has a similar age than Taurus, this means that different environments produce
similar period distributions.
Brown dwarfs in the older populations in σOrionis (Scholz & Eislo¨ffel 2004; Cody &
Hillenbrand 2010), Ori (Scholz & Eislo¨ffel 2005), and Upper Scorpius (Scholz et al.
2015), ranging in age from perhaps 3 to 10 Myr rotate somewhat faster, with median
periods around 1 d (although the different completeness of these period samples still
needs to be verified). As shown in Scholz et al. (2015), this difference is in line
with expectations for spin-up due to contraction. In stark contrast to low-mass stars
(Rebull et al. 2004; Herbst & Mundt 2005), brown dwarf periods are not ’locked’
in the first few Myr of their evolution. Instead, the period evolution is consistent
with angular momentum conservation, highlighting again that disk braking has to be
short-lived in brown dwarfs.
5. THE SPIN-MASS RELATION
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5.1. Period vs. mass
It has been known for more than a decade that the typical rotation period among
very low-mass stars and brown dwarfs scales with object mass (Herbst et al. 2002;
Scholz & Eislo¨ffel 2005; Somers et al. 2017). Here we test this relation in our sample.
In a first step, we estimate masses and radii from the absolute J-band magnitudes,
by fitting 3rd order polynomials to the 1 Myr isochrone by Baraffe et al. (2015) and
applying this fit to our objects. The individual values for masses and radii carry large
uncertainties in the range of ±50%, due to a) the large empirical spread of this sample
in the HR diagram (Fig. 1) and b) the dependence on a specific evolutionary track.
The latter, however, should be systematic and only in one direction, i.e. within our
sample the uncertainties are likely to be smaller.
The rotation periods scale clearly with the estimated object mass (see Fig. 5), at
least in the substellar mass domain, a trend that has been established in all regions
analysed so far. The fact that this relation is seen in the youngest populations –
Taurus and ONC – points to an origin in the formation process. The mass-period
relation in the substellar domain is approximately P ∼ 35M/M d. This is about
twice as steep as in the slightly older σOrionis cluster and about 8 times as steep as
in the 120 Myr old Pleiades (Scholz & Eislo¨ffel 2004). The dropoff in the period-mass
slope simply represents the spin-up due to contraction.
There are 4 objects in our sample which appear below this trend, all above the
substellar boundary according to our mass estimates. These are the brightest objects
in our sample, with MJ ∼ 5. For two of them (248023915, 248029954), the spectral
types (M7 and M7.25) places them robustly into the substellar domain, i.e. their
J-band magnitude might be affected by excess flux (e.g., from accretion or a close
companion), and hence the mass would be overestimated. For the remaining two
(247791556, 248060724) the spectral type is M6 and matches what we expect from
the J-band magnitudes. Given the small sample, we do not think these outliers
warrant more discussion.
In contrast to the older populations in Orion (Scholz & Eislo¨ffel 2005), we do not
find any objects rotating close to breakup speed – the rotation period corresponding
to breakup for a brown dwarf in Taurus is ∼ 0.3 d or below, at least a factor of 2
shorter than the fastest rotator in our sample. The breakup period develops with
R3/2, i.e. as these objects contract they will not get any closer to the breakup limit
and are safely not affected by it.
5.2. Spin-mass relation
In Fig. 6, we show the power law between rotational velocity and object mass for
solar system planets, and extend the figure to higher masses to include brown dwarfs
and stars. This is referred to as spin-mass diagram in the following. As has been
discussed in the literature (Hughes 2003), the rotational velocities of solar system
planets unaffected by tidal interactions (Mars, Neptune, Uranus, Saturn, Jupiter)
16 Scholz et al.
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Mass (Msol)
1
2
3
4
5
Pe
ri
od
 (d
)
Figure 5. Rotation period plotted against estimated mass. The positive trend between
mass and rotation is visible in the substellar regime.
are correlated with mass, a relation overplotted in the figure as solid line. Earth falls
slightly below this trend because it has exchanged angular momentum with the Moon.
Venus and Mercury are not included here because they lost angular momentum due to
tidal effects. In Fig. 6 we also show that the planetary spin-mass trend is consistent
with a v ∝ √M relation.
The first rotational information for exoplanets has also been compared with this
trend. In particular, Zhou et al. (2016) show that the spin of the planetary mass
companion 2M1207b, determined from the photometric rotation period like in this
paper, fits into the planetary spin-mass trend, when accounted for the fact that
this object is still contracting and will therefore spin up. The projected equatorial
velocity of β Pic b is also consistent with the relation (Snellen et al. 2014). For another
planetary mass companion, GQ Lup b, the measured projected equatorial velocity is
significantly slower than expected from the trend, which is explained by its young age
and ongoing contraction (Schwarz et al. 2016).
To put the Taurus brown dwarfs into Fig. 6, we calculate the rotational velocities
they would have at the age of the solar system, after contracting to their final radii,
assuming angular momentum conservation (’forward calculated velocities’). As final
radius, we assume 0.095R (Baraffe et al. 2015). For this procedure, we leave out
Universal spin-mass relation 17
4 3 2 1 0 1 2 3
log(M/MJup)
1
0
1
2
3
lo
g(
v r
ot
)
2M1207b
PSO3185
BetaPicB
GQLupB
empirical
v~M^1/2
breakup
solar system
Taurus BD
ONC med
Figure 6. Rotational velocity vs. object mass, for solar system planets (from left to right:
Mars, Earth, Uranus, Neptune, Saturn, Jupiter), the planetary mass companion 2M1207b,
the free-floating planet PSO J318.5-22, the Taurus brown dwarfs, and typical brown dwarfs
and stars in the ONC. For objects not in the solar system, the rotational velocity has been
spun up to the age of the solar system, assuming angular momentum conservation. For
reference, the breakup velocity for the age of the solar system is also overplotted.
the four objects with absolute J-band magnitudes indicating higher than substellar
masses (see Fig. 5). We do the same exercise for the period of the aforementioned
2M1207b, the period of PSO J318.5-22 (Biller et al. 2017), a young free-floating
planetary mass object (Biller et al. 2015), and the median period of stars in the ONC
in two mass bins (Rodr´ıguez-Ledesma et al. 2009). The projected rotational velocities
for β Pic b and GQ Lup b are treated in the same way and shown as lower limits. The
plot unambiguously demonstrates that the brown dwarfs fall onto the planetary spin-
mass trend. Low-mass stars, on the other hand, deviate significantly from the trend,
as seen in the ONC data plotted as green squares in Fig. 6.
The fit between forward calculated brown dwarf spin and the planetary spin-mass
relation implies that, similar to planets unaffected by tidal forces, young brown dwarfs
are by and large still in possession of their primordial angular momentum. This is
consistent with the finding that braking by the disks is short-lived, as discussed in
Sect. 4. The same cannot be said for stars, which have already lost significant angular
momentum at age of 1 Myr. As a sidenote, most field brown dwarfs end up below the
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relation (Schwarz et al. 2016) because they, too, have lost angular momentum over
the course of their evolution. While rotation braking by magnetic winds is very weak
in brown dwarfs, over long timescales it does have a non-negligible effect (Bouvier et
al. 2014).
Taurus brown dwarfs with masses between 0.02 and 0.08M are not expected to
share a formation scenario with giant planets in the solar system and even less so
with rocky planets. Predominantly they should form from core collapse followed
by accretion, in a way comparable to low-mass stars (Luhman 2012). The same
probably applies to PSO J318.5-22. As isolated objects, they probably also form
in a different way than the planetary-mass companions, which could have formed
through disk fragmentation (Lodato et al. 2005). Thus, objects from three different
formation paths fit the same spin-mass relation, a powerful demonstration of the
universal nature of this trend.
There is considerable scatter around the spin-mass relation in the log-log plot. For
brown dwarfs, the scatter is about 0.5 to 1.0 orders of magnitude in rotational velocity,
larger than for planets. This scatter, if properly understood, can potentially reveal
additional physics in the formation process, and might give insights into the differences
in the formation paths of the objects discussed here. The considerable uncertainty
in the mass and radius estimates (see above) also contributes to the scatter. The
relation definitely deserves further empirical scrutiny beyond this paper.
It would also be desirable to come to a more quantitative understanding of the
spin-mass relation for planets and brown dwarfs, especially now that the diagram can
be populated with exoplanets (e.g. Brogi et al. 2016). The escape velocity and the
breakup velocity provide the right scaling of rotational velocity but due to the change
in mass-radius relation across the planetary domain (Bashi et al. 2017) the continuity
in the trend is puzzling. Qualitatively, the relation may originate in the physics of the
accretion process and in the way the accretion is controlled and ultimately stopped.
The fact that the spin-mass relation shown in Fig. 6 seems to hold over six orders
of magnitude and is obeyed by objects from several very different formation avenues
points to the universal importance of accretion in the formation process of planets
and brown dwarfs.
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